cold stress; heat stress; epinephrine and norepinephrine secretion C ONSIDERABLE TIME has been spent in studying the role of the sympathetic nervous system in the survival of cold-stressed rats. Leduc (13) demonstrated that cold exposure increased the urinary excretion of norepinephrine and Carlson (2) and Depocas (5) reported that prolonged cold exposure increased the calorigenic action of the catecholamine.
On the basis of this and similar work it has been postulated that the survival of rats placed at 4 C is dependent on the increased secretion of norepinephrine (9, 13). However, the evidence suggesting that cold exposure increases norepinephrine secretion is derived entirely from the observation of an increased excretion of the amine at Z-4 C (9, 12, 13) and is therefore open to criticism. Although the increase in the urinary levels of norepinephrine seen in the cold may reflect an increased secretion, similar changes may be produced by a decrease in metabolic degradation. The present study was undertaken to determine the influence of cold exposure on the secretion and metabolic degradation of epinephrine and norepinephrine.
For this purpose the concentrations of epinephrine, norepinephrine, and their major metabolites, metanephrine, normetanephrine, and 3-methoxy-4-hydroxyphenylglycol (MHPG) in urine were estimated both at 30 and 4 C. Three separate experiments were undertaken. In the first experiment the effects of short-term cold exposure were studied. Sixteen rats, placed four to a cage, were kept at 30 C for 8 hr prior to exposure to 4 C for an additional 24 hr. Control rats remained at 30 C throughout the 32 hr period. Urine was collected from each cage every 4 hr.
The second study was designed to investigate the effects of prolonged cold exposure. Thirty-two rats were divided into groups of four and kept at 30 C for 1 week. Subsequently four cages, containing sixteen rats, were transferred to 4 C and kept there for several weeks. The animals were kept four to a cage to enhance survival during the first weeks of cold stress. Control rats remained at 30 C throughout the study. Urine was collected on &ys 2 and 3 of each week and assayed for catecholamines and metabolites. The influence of heat stress on catecholamine excretion was studied in experiment 3. Eleven rats, each kept in a single collection cage, were placed at 22 C. Eight days after beginning the experiment six rats were transferred to 30 C for 8 days and finally to 36 C for a further 8 days or until a hyperthermic death ensued. The five control rats were kept at 22 C throughout the study. Urine was collected from the individual rats every 2 days, pooled, and analyzed for catecholamines and cold. Thereafter the excretion of MHPG fell steadily to a final value only 2.2 times above the final control levels. Epinephrine and metanephrine excretions showed some variability but generally were higher in the cold-stressed rats. Rats kept at 30 C for the entire 32 hr showed no change in catecholamine or metabolite excretion. The influence of prolonged cold exposure on the excretion of norepinephrine, epinephrine, normetanephrine, metanephrine, and MHPG is presented in Table 2 , A and B. In agreement with the results of experiment I, rats transferred from 30 to 4 C showed increases in all compounds measured. Figure  1 compares the urinary excretion of norepinephrine, normetanephrine, and MHPG from the control and cold-stressed rats. During the 1st week of cold exposure, i.e., &ys 2 and 3, the combined sixfold increase in norepinephrine and normetanephrine excretion exceeded the 3.7 increase in MHPG. As is indicated above, changes in MHPG excretion are believed to reflect alterations in norepinephrine synthesis. Therefore, on &ys 2 and 3 at 4 C (e@ 2) the increase in norepinephrine secretion exceeded the jump in synthesis by a factor of 1.6. This value, obtained by dividing the norepinephrine-normetanephrine increase of 6.0 by the 3.7-fold jump in MHPG, is very close to a value of 1.4 seen during the last 4 hr of experiment 1. The similarities of the ratios relating increased secretion to increased synthesis suggest that the two studies (ex@'ments I and 2) correlate well. After 2 weeks at 4 C the excretion of norepinephrine and normetanephrine fell. Excretion of MHPG remained elevated throughout the experiment. Control rats kept at 30 C for 5 weeks showed no significant change in catecholamine or metabolite excretion. The results of experiment 3, which involved the transfer of rats from 22 to 30 C and finally to 36 C, are presented in Tables  3 and 4 and Fig. 2 . Norepinephrine levels showed a small, but significant (P<O.O5), fall when the rats were moved from 22 to 30 C. The excretion of norepinephrine rose significantly (P < 0.0 1) when the rats were transferred from 30 to 36 C. Only three of six rats survived more than 4 days at 36 C. The excretion of normetanephrine also fell significantly (P < 0.05) when the rats were moved from 22 to 30 C and increased slightly when the animals were exposed to 36 C. The concentration of MHPG in the urine fell in a linear manner when the environmental temperature was increased from 22 to 30 to 36 C, Control rats kept at 22 C throughout the experiment showed no significant change in any of the substances measured.
DISCUSSION
The present experiments present new information on the influence of both cold and heat stress on the excretion of the catecholamines, epinephrine, and norepinephrine, plus their major metabolites.
However, because of the complex interaction between catecholamine synthesis, secretion, reuptake, storage, and intraneuronal metabolism, interpretation of the data is difficult. The conclusions drawn by the authors from this study must therefore be subject to qualification. Therefore, before proceeding with a discussion of the results themselves, it is advisable to realize the limitations of the assumptions made in our introduction.
As explained in our introduction, changes in norepinephrine plus normetanephrine excretion are, in this study, equated with alterations in norepinephrine secretion.
Whereas the estimation of both free norepinephrine and normetanephrine excretion does provide a better approximation of the rate of norepinephrine secretion than the measurement of norepinephrine excretion alone, it should be noted that a large portion of the released norepinephrine is subsequently reabsorbed by the sympathetic nerves and therefore is not excreted (16). An accurate estimation of norepinephrine secretion should therefore include a method for determining the fraction of secreted norepinephrine subject to nerve reuptake. In the present experiments no attempt was made to determine the amount of norepinephrine reabsorbed by the nerves. In addition, the excretion of the conjugates of the catecholamines or metanephrines was not measured. However, in spite of these deficiencies, the present studies do present valuable new data, in the form of measurements of catecholamine plus metabolite excretion, which permits a more reliable estimate of the influence of environmental temperature on catecholamine secretion than has hitherto been published. As the major source of MHPG in the urine is first the intraneuronal deamination of norepinephrine followed by O-methylation in the liver and other organs and as the concentration of MHPG in the urine is many times the level of norepinephrine plus normetanephrine, it has been proposed to use MHPG excretion as an index of norepinephrine biosynthesis (I 1, 16). However, MHPG may be formed by other mechanisms.
Although these are believed to be of only minor importance, their existance should be recognized.
For example, MHPG may be formed by extraneuronal O-methylation and oxidative deamination (16). If this process were to occur to a significant extent, then measurements of MHPG excretion would no longer reflect norepinephrine synthesis and intraneuronal degradation.
In the present experiments this latter pathway was not likely a major source of MHPG;
for, if much of the MHPG was derived from the oxidative deamination of normetanephrine, the excretion of the glycol should show the same quantitative changes as normetanephrine.
Such was not the case on several occasions (see RESULTS) .
It is also possible that alterations in enzyme activity, such as MAO or COMT, caused the changes in MHPG.
Although this cannot be completely discounted, these authors know of no published evidence that environmental temperature can influence MAO or COMT activity. It is also difficult to envisage such changes occurring within the time interval, 4-8 hr at 4 C, seen to increase MHPG excretion. It is likely that other possibilities may also be advanced to explain the MHPG results of this study and, in time, they may prove to be more correct than the conclusions drawn by us. However, for the purpose of this discussion, and because the authors feel that sufficient evidence exists to support their assumptions, changes in MHPG excretion will be interpreted to reflect alterations in norepinephrine synthesis.
As was shown in RESULTS, norepinephrine and normetanephrine excretion increased within the first 4 hr of exposure to 4 C and, in spite of a fall after 2 weeks in the cold, always remained above warm-room levels throughout the 4 weeks of the experiment. In view of the previous work relating the excretion of norepinephrine to the thermogenic demands of the environment (13), it was not surprising in our experiments to note that exposing the rats to 4 C increased the excretion of norepinephrine and normetanephrine.
The concomitant change in both chemicals strongly supports the previously held view that the increase in norepinephrine excretion during cold exposure signaled an increase in secretion ( 13). The decrease in norepinephrine secretion after 2 weeks at 4 C agrees with previous studies and is possibly related to the increased thermogenic activity of norepinephrine (2, 5). The fall in norepinephrine and normetanephrine excretion when the ambient temperature was raised from 22 to 30 C reflects a diminished secretion of norepinephrine as a result of a decreased requirement for the amine. Following the transfer of the rats from 30 to 36 C, norepinephrine excretion increased significantly and this may reflect the discomfort of the animals in the warm environment.
It is not known how important this was in the development of hyperthermia and death in 50 % of the rats.
The concomitant estimation of MHPG excretion provided another parameter to assess the influence of ambient temperature on sympathetic activity. As indicated in RESULTS, the cold-induced increase in norepinephrine synthesis (MHPG excretion), seen within the first few hours of exposure, was double the rise in norepinephrine secretion. This increase in synthesis over secretion is possibly required to ensure a later subsequent continued elevation in secretion. Within 24 hrs at 4 C, synthesis diminishes and stabilizes at a value more consistent with the needs of secretion. This is demonstrated by comparing the ratio increased secretion divided by increased synthesis of 1.4, seen during the final hours of day I, with the value of 1 m6, given on days 2 and 3 in experiment 2.
It has already been indicated, in spite of the emphasis given to the interrelationship existing between norepinephrine secretion and environmental temperature (2, 5, 9, 12, 13, 15), changes in norepinephrine secretion did not always parallel changes in environmental temperature over the temperature range of 4 to 36 C (Fig.  3) . The values plotted in Fig. 3 
